As climate changes at unprecedented rates, understanding population responses is a major challenge. Resurrection studies can provide crucial insights into the contemporary evolution of species to climate change. We used a seed collection of two Californian populations of the annual plant Brassica rapa made over two decades of dramatic precipitation fluctuations, including increasingly severe droughts. We compared flowering phenology, other drought response traits, and seed production among four generations, grown under drought and control conditions, to test for evolutionary change and to characterize the strength and direction of selection. Postdrought generations flowered earlier, with a reduced stem diameter, and lower water-use efficiency (WUE), while intervening wet seasons reversed these adaptations. There was selection for earlier flowering, which was adaptive, but delayed flowering after wet years resulted in reduced total seed mass, indicating a maladaptive response caused by brief wet periods.
There is now abundant evidence that climate change and altered precipitation patterns (IPCC 2014 ) trigger large-scale species losses, shifts in vegetation communities, and evolutionary plant responses (Parmesan and Yohe 2003; Jump and Penuelas 2005; Parmesan 2006; Franks et al. 2014) . Particularly well documented are worldwide shifts in flowering time following advanced springtime (Menzel et al. 2006; Miller-Rushing and Primack 2008; Cleland et al. 2012) . While much of the shift in this trait may be due to the direct effects of temperature on developmental rate, some could be due to an evolutionary response to selection imposed by a warmer environment (Nicotra et al. 2010; Hoffmann and Sgro 2011; Merila and Hendry 2014; Gugger et al. 2015; Stoks et al. 2016 ). Phenotypic plasticity, in which organisms respond to changes in environmental conditions, is itself genetically mediated (Bradshaw 1965 ) and so can also evolve in responses to selection imposed by a variable environment (Sultan 2000; Hairston et al. 2001; Alpert and Simms 2002; Nussey et al. 2005; Baythavong 2011; Sultan et al. 2013; Hamann et al. 2016) . Key goals in understanding the impact of global change on plants are determining the relative contributions to population persistence made by existing phenotypic plasticity, evolutionary change in phenotypes, and the evolution of the plastic response in functional traits like flowering time (Gienapp et al. 2008) .
The prospects for population persistence depend on the rates at which the mean and optimal phenotypes shift. Environmental shifts can leave the population maladapted to the new conditions causing a drop in net reproductive rate, possibly below replacement level. Existing plasticity can promote persistence if it shifts mean phenotype in the adaptive direction (Charmantier et al. 2008 ). However, with sustained shifts in the optimum, the population may reach the limit of adaptive plastic response (Anderson 2012) . Evolutionary responses to selection in key functional traits can restore adaptation when optimal phenotypes shift. Theoretical models indicate that if sufficient genetic variation is maintained in key traits, the population can be "rescued" by adaptive evolution (Burger and Lynch 1995; Gomulkiewicz and Shaw 2013; Gonzalez et al. 2013; Shaw and Shaw 2014) . Evolutionary rescue models generally make the reasonable simplifying assumption that the environment shifts at a constant rate. However, climate change has not proceeded at a steady rate. Variability between and within years has been and will remain the rule, and in fact may even increase (IPCC 2014) . The evolutionary impact of this variation will depend on its temporal scale. At one extreme, fluctuations running for more than a generation could cause temporary selective reversals in mean phenotype, while those occurring over shorter time scales may select for physiological/developmental flexibility and plasticity in functional traits.
Although the classic Darwinian perspective viewed evolution via natural selection as a very slow process, it is now clear that measureable evolutionary change in natural populations can occur on decadal timescale or less (Bone and Farres 2001; Reznick and Ghalambor 2001; Grant and Grant 2002; Réale et al. 2003; Thompson 2013; Hendry 2016 ). While it is not certain how commonly natural selection will ultimately keep pace with ongoing environmental change (Etterson and Shaw 2001; Visser 2008; Shaw and Etterson 2012) , this question is ripe for study. The "resurrection approach" provides a particularly powerful tool for this purpose for those species that produce dormant propagules, such as the seeds of flowering plants or the resting eggs of aquatic crustaceans (Hairston et al. 1999; Franks et al. 2018 ). In the resurrection protocol, ancestor and descendant propagules from natural populations are grown under common conditions. Because the environment is held constant, phenotypic differences between the generations can be attributed confidently to genetic (evolutionary) differences, rather than plastic developmental responses . Incidences of adaptive response to environmental perturbations have been documented for several cladoceran populations (Hairston et al. 1999; Geerts et al. 2015; Stoks et al. 2016) . For these studies, resting eggs were exhumed from lake sediments, hatched, and compared to individuals from contemporary generations. Franks et al. (2007) were the first to take this approach with plants using fortuitously stored seed, and found the evolution of earlier flowering in Brassica rapa over the course of a multiyear drought. The resurrection approach has been applied to plants in only a few instances (reviewed in Franks et al. 2018 ); a lack of appropriately stored seed material has hampered its further application. However, a recent effort, called Project Baseline, has secured suitable seed stocks from multiple species from multiple locations for future resurrection studies; exciting studies can be expected in the near future, filling critical gaps in our understanding of evolution (Etterson et al. 2016) .
With their initial resurrection experiment, Franks et al. (2007) documented a rapid evolutionary change toward earlier flowering time over the course of a five-year (1999) (2000) (2001) (2002) (2003) (2004) drought in Californian populations of the annual Brassica rapa (field mustard). In Mediterranean climates, such as found in southern California, drought abbreviates the growing season. Follow-up studies established two important points: first, selection favors early flowering under abbreviated growing seasons, but late flowering under extended seasons (Weis et al. 2014) ; second, early-flowering individuals had higher survival, smaller stem diameter, fewer leaf nodes, and lower water-use efficiency (WUE) than late-flowering plants. This second point indicates that drought favors plants that develop rapidly, and thus flower at an earlier age Franks 2011) . It thus appears that over a few generations B. rapa evolved an adaptive drought escape strategy through earlier flowering rather than drought tolerance, which would occur through increased WUE (Heschel and Riginos 2005; Franks 2011) .
Having documented the initial evolutionary change over the 1999-2004 California drought (Franks et al. 2007 ), here we carry the investigation forward an additional 10 years. Drought episodes were more frequent and severe in California over that time ( Fig. 1 ; U.S. DroughtMonitor 2017; Swain et al. 2018) , with seven of 10 years showing abbreviated growing seasons. Using seeds collected in 1997 and 2004, and two more recent generations collected in 2011 and 2014, we performed resurrection experiments addressing several issues on the adaptive response to environmental change. As drought severity and frequency increased in the past decade, plants may have continued to advance flowering time. Alternatively, further fitness gains through phenology may have been only marginal, transferring the thrust of selection toward drought tolerance (i.e., increased WUE). But there is a potential trade-off between escape and tolerance: high WUE may increase tolerance, but retard development rates and thereby constrain drought escape (Heschel and Riginos 2005; Franks 2011 ). Furthermore, although drought predominated over the recent decade, there were two consecutive wet years. This raises the question whether these intermediate wet years reversed the direction of selection, stalled, or temporarily reversed adaptation to drought. Alternatively, fluctuations in environmental conditions could favor genotypes with higher phenotypic plasticity, allowing plants to produce an optimal phenotype in each environment (Via and Lande 1985; Alpert and Simms 2002) . Finally, this study was replicated in two geographically distinct populations (Franke et al. 2006) . Previous studies showed that evolutionary shifts in flowering phenology in two populations were similar in direction but differed in magnitude (Franks et al. 2007; Franks 2011) , and that the majority of genetic changes in the populations were independent rather than shared by both populations . Following multiple populations over consecutive drought events enabled us to further test for the consistency (i.e., parallelism vs independence) of evolutionary responses to selection by drought.
By resurrecting ancestral and descendant lines from two populations over an 18 generation span, and growing them in a reciprocal transplantation setup (i.e., in control and drought conditions mimicking their respective environments), this study examined how drought events shaped selective pressures acting on B. rapa and whether evolutionary changes are consistent between populations and drought events. Specifically, we ask (1) whether evolutionary phenotypic changes occurred between generations collected at regular intervals between the wet-dry transitions, (2) if these evolutionary changes are adaptive and consistent in direction and magnitude between the two populations, and (3) whether plastic responses to an experimental drought treatment align with evolutionary changes observed in nature.
Material and Methods

STUDY SPECIES
Brassica rapa (L.) Brassicaceae, commonly known as field mustard, is an annual, self-incompatible, herbaceous plant introduced to North America about 300 years ago. In coastal California, the growing season begins with the arrival of the winter rains, which trigger plant germination (i.e., from late October to January). The rains continue until early to late spring, during which time plants complete their life cycles. The growing season is terminated by the onset of annual summer drought, the timing of which varies among years (Franke et al. 2006) . As in previous studies on this system (Franke et al. 2006; Franks et al. 2007; Franks 2011) , we sampled two populations: Arboretum (ARB) and Back Bay (BB). The two sites, located in Orange County, California, are about 3 km apart. The soil at the BB site is sandier and more drained, resulting in a consistently drier site than ARB, which in turn is more variable in soil water availability (Franke et al. 2006) . We collected seeds from >200 plants per site at four points in time, representing four generations for each population. Precipitation data for the last two decades was obtained from the closest weather station located at ca. 5 km from the sites (Santa Ana weather station # 121 in Orange County, California; NOAA 2017). Ancestral predrought lines were collected in 1997, after a series of normal wet years, where especially the late winter precipitation was above average, resulting in long growing seasons (Fig. 1) . The descendant postdrought lines were collected in 2004 after a series of abnormally dry years (Fig. 1) . Although the early winter precipitation was above average in 1999-2000 and 2002-2003 , the late winter precipitation was below average for a five-year period before seed collection (Fig. 1) . Another generation was collected in 2011 after a short rainy episode recorded between 2009 and 2011, which received above average late-winter precipitation (Fig. 1) . A final generation was collected in 2014, after three consistently and extremely dry years, which received very little rainfall during the entire growing season ( Fig. 1 ; Swain et al. 2014) .
EXPERIMENTAL DESIGN
For each of the eight groups (ARB'97, BB'97, ARB'04, BB'04, ARB'11, BB'11, ARB'14, BB'14), we grew 120 randomly selected seeds for one generation (i.e., refresher generation) in the greenhouse to reduce maternal and storage effects, and to generate maternal family lines for the experiment (Franks et al. 2007; Franks et al. 2018) . In September 2016, seeds were directly sown into a growing medium (Sunshine RSI #1 Mix, Sun Gro Horticulture, Vancouver, BC, Canada) and grown in container trays (cones of 4 cm × 17 cm) under a 16 h light: 8 h dark photoperiod. Osmocote Smart-Release R 14-14-14 fertilizer (Scotts, Marysville, OH, USA) was added a week after germination and plants were watered daily to soil capacity. For each plant, date of germination and onset of flowering were recorded. Once flowering had started, plants were hand-pollinated in bulk within the same groups every three days. Seeds were collected at maturity for each individual, stored separately in coin envelopes and kept refrigerated at 4°C. Germination rates were high (>90%) for all groups, except for BB 2004 (>65 %), ensuring that an unbiased sample of the gene pool from the original populations was grown (Franks et al. 2018; Weis 2018) .
In January 2017, we randomly selected 60 family lines from the 120 grown in the refresher generation. Four seeds per maternal line were sown into individual 9.3 × 9.3 × 8 cm pots placed in square carry trays fitting 15 pots (T.O. Plastics, Clearwater, MN, USA). The pots were filled with the same growing medium, and plants were grown in the greenhouse under the same light conditions as previously. Osmocote Smart-Release R fertilizer was again added a week after germination and plants were watered every day to soil capacity to ensure seedling establishment. The drought treatment was initiated ca. 15 days after germination, once seedlings had produced three true leaves. Half of the plants from each group (i.e., two replicates per maternal line from each group: 60 lines × 2 replicates = 120 plants per group) were grown under a control treatment, where plants were watered every day to soil capacity, while the other half were given a drought treatment in which they were watered every five days. Volumetric water content was measured every week with a probe (FieldScout TDR 100 Soil Moisture Sensor, Spectrum Technologies Inc., Texas, USA) in a random subset within each treatment. At the start of the watering treatments all trays were randomized in a split-block design (see Fig. S1 ). Each tray contained 15 maternal lines, so that four trays contained one replicate of all 60 maternal lines of one group. In total, 1920 plants were grown for this experiment (8 groups × 60 lines × 2 replicates × 2 treatments; Fig. S1 ).
Plants were monitored daily, and the date of germination and flowering recorded. Onset of flowering was then calculated as the number of days between germination and first flowering. The stem diameter at first flowering was measured just above the cotyledon node using a caliper. Once plants started flowering, they were hand-pollinated within groups every three days to allow seed set.
Ten weeks after the initiation of watering treatments, we measured two traits related to drought tolerance, specific leaf area (SLA) and water use efficiency (WUE), on a subset of plants. Leaf disks of 8 mm in diameter were taken from three new but fully developed leaves from 40 plants per group and treatment. Leaf disks were stored in individual coin envelopes, dried at 60°C for 48 h, and weighed together. SLA was calculated by dividing the fresh leaf coring area by their mean dry mass (PerezHarguindeguy et al. 2013) . WUE was measured by stable isotope analyses (Farquhar et al. 1989 ) on 16 random plants per group. One new but fully developed leaf per plant was collected, stored in individual coin envelopes and dried at 80°C for 48 h. Samples were then finely ground using a FastPrep R -24 tissue lyser (MP Biomedicals, Solon, OH, USA) and 1-2 mg were weighed into 5 × 9 mm tin capsules. The Stable Isotope Ecology Laboratory at the University of Georgia, USA, analyzed samples using isotope ratio mass spectrometry. The results are reported as δ 13 C (‰) relative to PDB standard (Perez-Harguindeguy et al. 2013) . Upon senescence, siliques were collected for each individual plant and stored in coin envelopes in a dry environment. Seeds were then separated from silique shavings and weighed to obtain aggregate seed mass per individual.
STATISTICAL ANALYSES
All functional traits were analyzed with linear mixed-effect models (Crawley 2007) , using Type III sums of squares with the lmerTest package (Kuznetsova et al. 2017) for R (R Development Core Team 2008). To test for differences between the populations, generations, and effects of the drought treatment, we specified separate models for each variable with the fixed factors generation (1997, 2004, 2011, 2014) , population (ARB, BB), and treatment (control, drought), and their respective two-way and three-way interactions. A significant generation effect is indicative of differences between ancestor and descendants lines, implying an evolutionary change in response to natural drought events. A significant population effect shows that populations differ in functional traits, and a significant treatment effect indicates plastic responses to experimental drought. Furthermore, a generation × population interaction shows that the populations evolved differently, while a population × treatment implies that plastic responses to drought differ between populations, and year × treatment interaction indicates that plasticity differs between generations (evolutionary changes in plasticity). To account for potential differences between maternal lines, we included maternal lines nested within their respective population and generation as a random factor. Blocks were also accounted for in our models as a random factor. All variables were analyzed using a Gaussian distribution with an identity link function, and data were log-transformed when needed to satisfy normality. Using lmerTest and its "rand" function, we report F-values and P-values for fixed effects and χ 2 -values and P-values for random effects after Bonferroni correction (α < 0.01).
Contrasts for fixed effects were tested using differences of least squares means (diff lsmeans) as implemented in the "step" function of lmerTest, and using the "pairs" function of the lsmeans package (Lenth 2016) . P-values for diff lsmeans are reported after Tukey adjustment for multiple comparisons. Selection analyses (Lande and Arnold 1983) were performed to test whether changes in flowering time and stem diameter were adaptive and followed the direction of selection. No selection analyses were performed for SLA and WUE because of the reduced statistical power stemming from measuring these traits on a small subset of plants. Standardized linear (β) and nonlinear (γ) selection gradients were estimated as the regression coefficients of relative fitness on the standardized mean trait values of genotypes within each group (Conner and Hartl 2004) . Our goal was to estimate the impact of a fitness function likely to vary between populations, and shifting over time, and so we relativize fitness and standardize trait values within each generation and population (De Lisle and Svensson 2017). Relative fitness was calculated by dividing the seed mass of genotypes (averaged for the two half-siblings grown under each treatment) by the mean seed mass within each group (population, generation, and treatment). Standardized mean trait values were also calculated within each group. Separate linear and nonlinear models were performed for each group (population, generation, and treatment) to retrieve selection gradients (linear β and quadratic γ) and P-values, which were corrected for multiple testing (α < 0.003). The parameter estimate from the quadratic regressions were doubled to obtain the quadratic selection gradients (Stinchcombe et al. 2008) .
To investigate potential changes in the degree of phenotypic plasticity between generations and populations in response to the experimental drought treatment, a phenotypic plasticity index (Pi v ) was calculated following Valladares et al. (2006) . This index was calculated as the difference between the maximum and minimum mean value of onset of flowering and stem diameter at flowering for each genotype divided by the maximum mean (standardized index ranging from 0 to 1). The mean Pi v was then compared between generations and populations using Wilcoxon signed-rank tests. No corrections for multiple testing were applied to avoid being overly conservative with these nonparametric tests.
All analyses were performed on R version 3.3.3 software (R Development Core Team 2013).
Results
Over the course of 18 generations of fluctuating precipitation, we found evidence for evolutionary changes in our natural Brassica rapa populations, with several traits showing significant shifts between ancestors and descendants. The evolutionary responses generally differed between populations but followed the direction of selection. Furthermore, the experimental drought treatment induced plastic responses in B. rapa lines, which also often differed between populations.
EVOLUTIONARY CHANGES ACROSS 18 GENERATIONS AND CONSISTENCY ACROSS
POPULATIONS
We here describe evolutionary responses revealed by ancestraldescendant comparisons under common conditions, focusing on the high-watering treatment but including the drought treatment when appropriate. We found an evolutionary shift in flowering time, with descendants flowering earlier than ancestors (P < 10 −4 ; Table 1 ). While both populations generally advanced flowering in response to drought, the evolutionary change varied between populations, as indicated by a significant population × generation interaction (P < 10 −4 ; Table 1 ). For the ARB (wet site) population, descendants from 2004 started flowering 2 days earlier than the 1997 ancestors, yet this shift was statistically significant only before p-value adjustment (P = 0.02 before adjustment, P = 0.28 after adjustment; Fig. 2A ). The generation collected in 2011, after two intermediate wet years, started flowering at a similar time to lines collected in 2004, and lines collected in 2014 started flowering 1 day earlier, although this difference was not statistically significant ( Fig. 2A) . The accumulated long-term evolutionary shift in flowering time between generations from 1997 and 2014 was significant, with descendants flowering 3 days earlier (P = 0.03). The BB (dry site) population always flowered about a week earlier than the ARB population except in 2011 ( Fig. 2A) . The stem diameter at flowering, which is an indicator of whether plants flower at an earlier developmental stage (i.e., escape strategy), varied across generations (P < 10 −4 ; Table 1), suggesting evolutionary changes, and differed between populations (P < 10 −4 ; Table 1 ). Under well-watered conditions, no significant differences in stem diameter were detected among generations for the ARB population (Fig. 2B) . However, diameter in the BB population varied across generations (Fig. 2B) . A significant increase in stem diameter was seen between 2004 and 2011 (P < 10 −4 ), and a subsequent decrease was recorded in lines from 2014 (P < 10 −4 ; Fig. 2B ). When grown under drought conditions, stem diameter increased for both ARB (P = 0.005) and BB (P < 10 −4 ) between 2004 and 2011, after a wet period and subsequently decreased in 2014 for ARB (P = 0.04) and BB (P < 10 −4 ) after the severe three-year drought (Fig.   2B ). Furthermore, a significant population × generation interaction was found for the stem diameter at flowering (P < 10 −4 ; Table 1 ), indicating differences in evolutionary changes between populations. The BB population always had a smaller stem diameter at flowering compared to the ARB population, except in 2011 (Fig. 2B) . Furthermore, a positive relationship was found between the time to flowering and the stem diameter at first flowering (r = 0.35, P < 10 −4 ), suggesting that individuals that flowered early also had a smaller stem diameter at first flowering (Fig. S2A) . Water use efficiency (WUE) and specific leaf area (SLA), both traits that relate to drought stress tolerance, showed significant generation × population interactions (both P < 10 −4 , Table 1 ), indicating that evolutionary changes between generations differed between populations. In the dry site (BB) population, WUE peaked in 2011, after the wet years, with lower values found in 2014 (P = 0.048; Fig. 3A ). In contrast, the wet site (ARB) population showed very little variation in WUE, but generally had a higher WUE compared to the BB population, especially in 2014 (P = 0.01; Fig. 3A ). When grown under drought conditions, WUE also peaked in 2011 for BB, with WUE greater in 2011 than in 2004 (P = 0.02) and 2014 (P = 0.0002; Fig. 3A ).
For the Arb population, WUE was lower in 2004 than in 1997 (P = 0.04) and 2014 (P < 10 −4 , Fig. 3A ). Additionally, WUE was positively correlated with time to first flowering (r = 0.31, P < 10 −4 ). Individuals that flowered rapidly after germination generally had a low WUE (Fig. S2B ). For the other drought response trait, SLA, there was little change over time for the Arb population (Fig. 3B) . However, in the dry site (BB) population, SLA showed a substantial increase between 2011 and 2014 under well-watered (P = 0.004) and drought (P < 10 −4 ) conditions (Fig. 3B) . Aggregate seed mass per plant, a component of fitness, differed between generations when grown under well-watered conditions (P < 10 −4 ; Table 1 ). Both populations tended to have a higher seed mass in the 2004 generation, after the five-year drought episode, compared to their ancestral generation from 1997, indicating that evolutionary changes in phenotypic traits in response to the first drought episode increased plant fitness. However, this difference was statistically significant for ARB (P = 0.005), but only before P-value adjustment for BB (P = 0.04 before adjustment, P = 0.48 after adjustment; Fig. 4 ). After the intermediate wet years in 2011, both populations had a lower seed mass and reduced fitness compared to 2004 (P = 0.04 for ARB, P = 0.001 for BB; Fig. 4 ). No significant differences in seed mass were detected between generations collected in 2011 and 2014 (Fig. 4) . When grown under drought conditions, seeds mass showed no evolutionary changes between generations (Fig. 4) . Finally, seed mass also differed between populations (P < 10 −4 ; Table 1 ). The BB population produced significantly more seeds than the ARB population in 1997 (P < 10 −4 ), 2004 (P = 0.01), and 2014 (P = 0.006), but not in 2011 (Fig. 4) .
SELECTION GRADIENTS
Linear selection gradients were always negative for onset of flowering, indicating that selection generally favored earlier flowering. Significant directional selection for earlier flowering was detected for all generations of the ARB population and for BB 2011 when grown under control conditions (Table 2) . Accordingly, the significant shift toward earlier flowering in ARB 2004, after the first drought episode, followed the direction of selection, and confirms the adaptive nature of a drought escape strategy in postdrought lines. However, the delayed flowering seen in BB 2011 after the intermediate wet years (Fig. 2A) opposed the direction of selection. Stabilizing selection was also detected, especially when plants were grown under the experimental drought treatment, as seen for ARB 2011, BB 1997, and BB 2011 ( Table 2 ), indicating that while earlier flowering is generally favored, there is an optimum flowering time, and that flowering too early reduced plant fitness. The stem diameter at flowering was also under directional selection, with thicker stem diameters being favored in BB 2004 and 2014 when grown under drought conditions (Table 2 ). However, we saw a strong reduction in stem diameter in response to the drought treatment in 2014 (Fig. 2B) , which exceeded optimal stem diameter at first flowering and led to reduced fitness.
PLASTIC RESPONSES TO THE EXPERIMENTAL DROUGHT TREATMENT
By decreasing the frequency of watering, the volumetric water content (%) of the growing medium was significantly reduced fivefold (P < 10 −4 ). This drought treatment induced important plastic responses (i.e., treatment effect) and revealed evolutionary changes in plasticity between generations in certain traits (i.e., generation × treatment interaction). The drought treatment did not affect the onset of flowering (P = 0.73; Table 1), indicating a lack of plasticity in this trait in response to the drought treatment. For the stem diameter at flowering, we found a significant treatment effect (P = 0.001), and significant population × treatment (P = 0.003) and generation × treatment (P = 0.0002) interactions (Table 1) , indicating plasticity and evolutionary shifts in plasticity across generations, as well as differences in plastic responses between populations. Stem diameter was reduced for both populations in all generations when grown under drought conditions compared to control conditions, but the reduction was more pronounced for the BB population, and less pronounced for lines from 2011 (Fig. 2B) . WUE also varied in response to the drought treatment (P < 10 −4 ; Table 1) , and evolutionary changes in plasticity were found for this trait that differed between populations as indicated by a significant threeway interaction (P = 0.004; Table 1 ). In general, plants tended to have a higher WUE (i.e., less negative δ 13 C) when grown under experimental drought conditions (Fig. 3A) . WUE was greater under drought compared to well-watered conditions for ARB in 1997 (P = 0.0003) and 2014 (P = 0.003), and for BB generations in 2004 (P = 0.04) and 2011 (P < 10 −4 ; Fig. 3A) . Moreover, while SLA rarely differed between plants grown under control and drought conditions, a significant generation × treatment interaction was found (P < 10 −4 ; Table 1 ). Only BB lines from 2014 had a higher SLA under dry compared to control conditions (P < 10 −4 ; Fig. 3B ). Finally, seed mass was affected by the drought treatment, and this effect differed between populations and generation, as indicated by a significant population × treatment interaction and a significant generation × treatment interaction (P = 0.0001, P = 0.01, respectively; Table 1 ). Seed mass was generally reduced by the experimental drought treatment, and this reduction was significant in all generations of the BB population (all P < 0.02; Fig. 4 ), yet only for the 2004 generation in the ARB population (P < 10 −4 ; Fig. 4 ).
We also compared plasticity between generations and populations. This analysis revealed that both populations had a similar and rather low degree of phenotypic plasticity for onset of flowering (Fig. 5A) . However, the strong drought selection that advanced flowering time in the BB population in 2014 also acted to reduce the plasticity index (Piv) compared to 2011, and led to BB having significantly lower plasticity compared to ARB in the last generation (Fig. 5A , Table S3 ). The stem diameter at flowering was more plastic than onset of flowering for both populations, and the BB population was more plastic compared to ARB in the two first generations (Fig. 5B , Table S3 ). The wet years significantly reduced the degree of plasticity in stem diameter in both populations, and postdrought lines tended to have increased plasticity in stem diameter (significant for ARB 2004, and BB 2014; Fig. 5B , Table S3 ).
Discussion
Using a resurrection approach, we detected rapid evolutionary responses to drought in California populations of Brassica rapa. Over the past 20 years these populations have been exposed to more drought-abbreviated growing seasons than historically. Within this time span they also experienced two consecutive years of above-average precipitation. Over this period of time, we detected rapid evolutionary changes in traits related to drought escape (flowering phenology and stem diameter), drought tolerance (WUE and SLA) and reproductive fitness (seed mass). Given that the four collection generations were reared simultaneously in common environments, the phenotypic differences among them can be attributed to genetic change over time, directly demonstrating evolution. In addition to evolutionary changes in traits, we also saw evolutionary shifts in trait plasticity. These shifts in phenotype are generally consistent with adaptation to fluctuations in precipitation, but we also found evidence for both parallel and nonparallel responses to repeated bouts of selection by drought. Here, we consider the observed changes in light of known selection patterns, and discuss differences between populations and generations across the past two decades of fluctuating precipitation.
EVOLUTIONARY SHIFTS IN FLOWERING TIME OVER
YEARS
Life-history theory predicts that the optimal time for first flowering in annual plants is set by a trade-off between time allocated to vegetative growth and time allocated to reproduction (Cohen 1976; Fox 1992; Eckardt 2005; Johansson et al. 2013) . Under short growing seasons, plants must flower early in order to complete flower production, pollination, and seed maturation before conditions turn lethal. When growing seasons are longer, plants have the luxury of extending vegetative growth, allowing them to flower at a larger size, and mature more seeds in the allotted time. In the Mediterranean climate of southern California, the growing season begins with the arrival of the winter rains in late November to early January. This period lasts until early to late spring, followed by the annual summer dry period (Franke et al. 2006) . Drought years are characterized by short growing seasons, while wet years have longer growing seasons. Optimal flowering time shifts with growing season length. Long seasons favor extended vegetative growth, which allow plants to flower at a larger size, and so have increased seed yield. Short seasons favor rapid flowering; even though faster plants are smaller, they are more successful than slower ones because they complete seed maturation before the soil water is depleted (Cohen 1976; King and Roughgarden 1983; Fox 1992; Kozłowski 1992; Ejsmond et al. 2010; Johansson et al. 2013; Weis et al. 2014) . Given these predictions, we expected directional selection for advanced flowering time over the drought intervals, and a rebound to longer flowering times in the wetter, intervening intervals. While these predictions have been tested for single drought episodes (Franks et al. 2007; Weis et al. 2014) , we lack studies of whether repeated fluctuations in soil moisture conditions would cause shifts in selection and repeated changes in the direction of evolution in natural plant populations. Our study showed that these predictions were generally supported over an extended period of fluctuations in precipitation. The overall pattern was for B. rapa to show shifts to earlier flowering time following drought periods, and shifts to later flowering time following wet periods. However, there were interesting differences between drought periods and populations that provide some novel insights into how populations respond to fluctuating conditions. The ARB population, which occurs in an area of greater soil moisture than the BB population, showed a strong shift to earlier flowering following the first drought period that occurred between 1997 and 2004. However, the ARB population then showed relatively little response to the wet period preceding 2011 or the dry period preceding 2014. In contrast, the BB population showed a relatively modest shift to earlier flowering during the first drought period, but a large shift to later flowering after the second wet period, followed by a substantial shift back to earlier flowering following the last drought period. Theory predicts an asymmetrical fitness function, with more negative consequences of flowering too late than too early (Weis et al. 2014; Austen et al. 2017) , and this was corroborated by the consistently negative selection gradients indicating that selection always favors earlier flowering. However, populations did not always follow these predictions and selection directions. The patterns are consistent with the following scenario: the optimal flowering time is later at the ARB site because of generally greater soil moisture at this site compared to the BB site (Franke et al. 2006) , and thus the ARB population, which is adapted to conditions at this site (Franks 2011) , generally shows later flowering than the BB population. Drought shifts the optimum flowering time to earlier at both sites, but there is a greater shift at the previously wetter ARB site;
conversely, wet periods cause a shift to later flowering, but a greater shift in the optimal flowering time at the previously drier BB site. Because the ARB population is already later flowering, the wet period does not induce much of a shift to later flowering in the population, but it does induce a large shift to later flowering in the early-flowering BB population. However, the delay in flowering time in the BB population ran counter to the direction of selection, indicating that this substantial reversal in flowering time induced considerable fitness reductions. Thus the two populations have different flowering time optima under wet and dry conditions, as well as different phenotypic distributions. This follows the general idea that the response to selection depends on both the pattern of selection as well as the phenotypic distribution of the population (Weis et al. 2014) . Thus in predicting responses to climatic changes, it will be important to determine how phenotypic optima and distributions change in response to new conditions. It is also important to note that despite rapid evolutionary responses to fluctuations in precipitation, plant fitness was rarely increased and barely maintained in more recent generations, at least when the plants were reared under greenhouse conditions. While seed set and seed mass could differ under greenhouse conditions, which includes hand-pollination, compared to natural conditions in the field, plant fitness in the greenhouse appears at least representative of natural field conditions, as plants reached similar size, number of siliques and seed mass as in a prior field study of the same populations (Franke et al. 2006) . Furthermore, even if the correlation between fitness measures in the greenhouse and field was not as strong as assumed, growing plants under common greenhouse conditions allows comparing plant fitness across generations to infer on the adaptive nature of evolutionary changes in phenotypic traits (Franks et al. 2018) . After the initial fiveyear drought between 1999 and 2004, descendant generations of both populations produced a higher seed mass relative to their ancestral lines, and changes in onset of flowering followed the direction of selection patterns for ARB, indicating adaptive evolutionary changes. However, the BB population, which delayed flowering after the intermediate wet years in 2011 and opposed the direction of selection gradients incurred fitness reductions, indicating that this shift was maladaptive. Furthermore, the subsequent evolutionary shifts toward advanced flowering after the record-breaking three-year drought episode in 2014 did not suffice to increase seed mass production compared to that of the ancestral pre-drought generations (1997 or 2011) . This further indicates that advances in flowering time, which are inherently limited by plant development, may no longer suffice to offset the negative effects imposed by increasingly severe drought episodes, even when they follow the direction of selection. Moreover, it also seems that the intermediate wet years recorded between 2009 and 2011, which reversed previous adaptation patterns and led to delays in flowering time, slowed down drought adaptation and subsequently reduced plant fitness. While the general trend toward increasing severity of drought creates important selective pressures, the stochastic occurrence of wet seasons creates counterproductive (over the long-term) selective spells. Overall, this combination leading to reduced or barely maintained plant fitness would suggest that rapid evolutionary changes in flowering time might not be able to keep pace with changes in environmental conditions (Etterson and Shaw 2001; Visser 2008; Shaw and Etterson 2012) , especially if drought episodes become more severe (Mann and Gleick 2015; Swain et al. 2018) or if fluctuations in conditions become more extreme.
CONSISTENCY OF EVOLUTIONARY RESPONSES
A major debate in evolutionary biology is to what extent evolutionary responses to environmental changes are consistent, repeatable, and predictable across populations and over time (Grant and Grant 2002) . However, very few previous studies (Kettlewell 1956; Grant and Grant 2014) have been able to study evolutionary changes to environmental conditions fluctuating over a period of decades. Our long-term study, examining phenotypic changes in two populations over 18 generations, allows investigating the consistency of evolutionary responses to repeated selective drought spells.
We found that the direction of evolutionary responses to changes in precipitation was generally consistent across populations and over time, but the magnitude of the responses varied greatly. As with a previous study (Franks et al. 2007; Franks 2011) , the two populations, ARB and BB, both evolved earlier flowering and smaller stem diameter at time of first flowering following drought events, indicating a drought escape strategy, but the populations differed in the amount of change. We also found that both populations responded to subsequent periods of increased precipitation by evolving later flowering, and subsequent drought periods by evolutionary reversal to earlier flowering. But again the magnitude of the changes differed among populations, and also differed over time. The differences among populations are likely due, at least in part, to differences in soil moisture available at the different sites, as well as differences in the populations that have been shaped by these different conditions (Franke et al. 2006; Franks 2011) . Furthermore, differences in responses over time are likely due to differences in the temporal pattern of precipitation as well as the existing phenotypic distribution of the populations (Etterson and Shaw 2001; Jump and Penuelas 2005) . Before the first collection in 1997, there was an extended period of four years of above-average precipitation, while the 2004 collection was made after six years where there were generally drier than average conditions in the later half of the growing season. In contrast, the 2011 collection was made after two wet years, and the 2014 collection after three years of severe drought (Fig. 1) . As droughts continue to become more extensive and severe (Swain et al. 2018) , it is likely that the ability of populations to respond to either increases or decreases in precipitation will become depleted (Shaw and Etterson 2012; Shaw and Shaw 2014) . Future studies under experimentally controlled conditions are needed to determine the repeatability of evolution to environmental changes.
PHENOTYPIC PLASTICITY AND EVOLUTIONARY
CHANGES IN PLASTICITY
In addition to evolutionary changes, plants can also respond to climatic changes through plasticity or through evolutionary shifts in plasticity (Price et al. 2003; Parmesan 2006; Nicotra et al. 2010; Richter et al. 2012; Sultan et al. 2013) . By combining the resurrection approach with experimental manipulations of water availability in the greenhouse, we could examine both plastic responses, as well as evolutionary shifts in plasticity, by comparing ancestors and descendants in their degree of drought response. While experimental drought did not induce plastic changes in flowering time, in accord with a previous study (Franks 2011) , traits correlated with flowering time varied substantially. Drought generally reduced the stem diameter at flowering, but also increased WUE. While advanced flowering time in nature has been generally associated with accelerated developmental rates and lower WUE (Franks 2011) , the experimental drought treatment in this study induced a more conservative water use strategy. These responses may seem conflicting, yet they can be explained by opposing selection patterns depending on the timing of drought (Heschel and Riginos 2005) . A series of studies on Impatiens capensis (Meerb.) showed that early-season drought is more likely to select for drought escape via low WUE and early reproduction, while late-season drought tends to select for increased tolerance via high WUE (Heschel et al. 2002; Heschel and Riginos 2005) . In southern California, late-season drought regulates the length of the growing season, but as evidenced by the precipitation data ( Fig. 1) , early-season precipitation was generally below average as well during dry years. In contrast, the experimental drought treatment started a few weeks after germination and is thus more representative of late-season drought. Hence, it is likely that the late initiation of the experimental drought led to increased WUE, while selection imposed by early-season drought in nature favored lower WUE in association with earlier flowering (Fig. 3A) . The contrasting strategies displayed by plants under early versus late season drought indicate the importance of drought timing on plant responses, which has important implications for our understanding of plant responses to changes in climatic conditions, and indicates that experimental drought conditions need to be carefully calibrated to accurately reflect predicted conditions under climate change (Jentsch et al. 2007) . Additionally, the antagonistic responses may also reflect a trade-off between escaping drought through earlier flowering and avoiding drought by having a more conservative water-use strategy, which may reflect selection for different drought-coping mechanisms (Heschel et al. 2002; Franks 2011) . These negative correlations between multiple traits may further constrain adaptive evolution to climate change (Etterson and Shaw 2001; Etterson 2004) . Furthermore, the experimental drought treatment considerably reduced seed set in all generations of both populations (Fig. 4) . While a previous study demonstrated increased survival of postdrought lines under dry conditions, suggesting adaptive shifts in flowering time (Franks et al. 2007 ), here we found no evidence that the evolutionary shifts were adaptive, at least for the seed set component of fitness under the experimental drought conditions in the greenhouse in this study. While we recognize that our experimental drought treatment may not exactly mimic natural drought episodes, postdrought generations should still have a relatively higher seed mass under experimental drought conditions compared to pre-drought generations if adaptive evolution has occurred. However, our results do not follow such a trend and rather suggest that evolutionary responses to drought did not suffice to increase plant fitness.
To assess evolutionary changes in plasticity, we examined the generation by treatment interaction terms in ANOVAs. We found evidence for evolutionary changes in plasticity of some but not all traits. Stem diameter, SLA, and seed mass all showed evidence for evolutionary changes in plasticity, while flowering time and WUE did not. We thus have some indication that as environmental conditions continue to fluctuate, some traits will evolve changes in their plasticity. We further compared phenotypic plasticity indices for onset of flowering and stem diameter at flowering between generations and populations, and found noteworthy patterns. While plasticity in onset of flowering was relatively constrained in both populations, as shown in previous studies (Gugger et al. 2015) , the degree of plasticity decreased in the most recent generation of the BB population. This pattern is consistent with important evolutionary changes toward advanced flowering time after drought and may suggest genetic assimilation (Pigliucci et al. 2006) for earlier flowering in increasingly dry climates. In contrast, the ARB population, which did not show a significant evolutionary shift toward earlier flowering after the last drought episode could gain in having increased plasticity in this trait to respond to climate fluctuations (Alpert and Simms 2002) . Furthermore, the stem diameter at flowering was comparatively more plastic than onset of flowering, especially in the BB population and in postdrought lines, which may suggest that plasticity in stem diameter could allow the accommodation of earlier flowering and the evolution of an escape strategy. To our knowledge, only one other study has used the resurrection approach to document the evolution of phenotypic plasticity in functional traits during the range expansion of an invasive plant (Sultan et al. 2013 ). However, it is currently unclear to what extent such shifts in plasticity will help populations adapt to changing conditions (Horgan-Kobelski et al. 2016) .
To conclude, this resurrection study assessed ongoing evolutionary changes in two populations of B. rapa in response to the drying southern California climate over the past two decades. We observed significant advances in flowering time in descendant lines relative to ancestral lines, which were associated with reduced WUE and stem diameter at flowering, indicating the evolution of an escape strategy, which generally followed the direction of selection patterns. WUE and stem diameter also responded plastically to the experimental drought treatment, yet plastic responses in WUE did not follow the same pattern as the evolutionary response to natural drought episodes. Overall, evolutionary changes followed the same direction in both populations, but the magnitude of these changes was population specific. The more recent drought episode also appeared to impose stronger selective pressures, leading to further advances in flowering time. However, the pronounced shifts in flowering time did not always allow the maintenance of plant fitness, leading to the conclusion that the increasing severity of the drought episodes may outpace plant adaptation, which may be additionally hindered by rare wet seasons, which reversed advances in phenology. Future field studies should follow plant fitness measures in situ to provide a complement to experiments under controlled common conditions in the greenhouse and to provide additional inferences about adaptive evolution, population dynamics, and persistence in the face of climate change.
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